Introduction
============

Liver cancer is the fifth most common cancer in men and the seventh most common cancer in women worldwide,[@b1-dddt-11-1789] and hepatocellular carcinoma (HCC) is one of the predominant types of liver cancer.[@b2-dddt-11-1789] Although the current curative therapeutic modalities for HCC, including surgical resection and liver transplantation, are encouraging, HCC patients have high mortality and poor prognosis. This results partly from the diagnosis in advanced stages and the consequent loss of therapeutic opportunity.[@b3-dddt-11-1789] Moreover, because of their low response rate and high toxicity, many chemotherapy agents are of limited use and provide minimal benefit to survival time in HCC patients.[@b4-dddt-11-1789],[@b5-dddt-11-1789] Therefore, there is an urgent need to explore more effective therapeutic strategies for HCC patients.

It is well known that angiogenesis occurs in solid tumors and plays an essential role in the supply of nutrient substances for the growth of cancer cells. HCC, unlike other tumor types, is a hypervascular carcinoma, and angiogenesis in HCC results from a pathologic vascularization pattern.[@b6-dddt-11-1789] VEGF, which is the most potent angiogenesis-inducing factor identified so far, is overexpressed in HCC. VEGF activates endothelial cell (EC) migration and proliferation, which results in primitive vessel formation.[@b7-dddt-11-1789] VEGFR2, a major transducer of VEGF, elicits angiogenesis.[@b8-dddt-11-1789] Therefore, antiangiogenesis by targeting VEGF/VEGFR2 is one of the promising therapeutic strategies for HCC.

STAT3, a major transducer, could play an important role in tumorigenesis and progression of HCC through the regulation of several genes involved in inflammation, apoptosis, cell cycle progression, angiogenesis, and cellular invasion.[@b9-dddt-11-1789] IL-6 is a key cytokine that can activate STAT3 signaling pathway,[@b10-dddt-11-1789] and its expression is found to be elevated in HCC.[@b11-dddt-11-1789] Therefore, the inhibition of aberrant STAT3 phosphorylation activated by IL-6 appears to be a potential therapeutic target, and the benefit has already been verified in HCC.[@b12-dddt-11-1789]--[@b14-dddt-11-1789]

Morusin is a prenylated flavonoid derived from the root bark of *Morus alba* Linn.,[@b15-dddt-11-1789] which has been reported to possess antibacterial, antioxidant, and anti-inflammatory activities.[@b16-dddt-11-1789]--[@b18-dddt-11-1789] Previous studies demonstrated that morusin possesses cytotoxicity against some cancer cells, including glioblastoma, pancreatic cancer, colorectal cancer, breast cancer, cervical cancer, and other cancer cells.[@b19-dddt-11-1789]--[@b28-dddt-11-1789] However, whether morusin has potential anticancer activity in human HCC in vivo and its possible mechanism of activity remain unknown. Therefore, the aim of this study was to assess the anticancer effect of morusin on human HCC cells in vitro and in vivo. Moreover, we aimed to elucidate its potential mechanism of activity.

Materials and methods
=====================

Cell lines and culture
----------------------

Human normal liver cells (LO2) and human HCC cells (cell lines HepG2 and Hep3B) were obtained from Shanghai Cell Biology Institute of Chinese Academy of Sciences (Shanghai, China). Human umbilical vein ECs (HUVECs) were kindly provided by the Cancer Center and State Key Laboratory of Biotherapy of Sichuan University (purchased from ScienCell, Carlsbad, CA, USA). Cell lines were routinely cultured in DMEM (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific), penicillin (100 U/mL), and streptomycin (100 μg/mL) at 37°C in a humidified atmosphere of 5% CO~2~.

Cell viability assay (MTT assay)
--------------------------------

The cytotoxicity of morusin was investigated using the modified MTT assay.[@b29-dddt-11-1789] LO2, HepG2, and Hep3B cells and HUVECs (1×10^3^ cells/well) were seeded in 96-well plates in triplicate with 100 μL medium per well. After overnight incubation at 37°C, cells were then treated with different concentrations of morusin (1, 2, 4, 6, and 8 μg/mL) for 24, 48, 72, 96, and 120 h. Subsequently, 20 μL of MTT (pH 4.7) was added to each well, and the cells were incubated for another 4 h. Then, 100 μL of 10% sodium dodecyl sulfate (SDS)/0.01 M HCL was added, and the cells were incubated at 37°C overnight to dissolve the formazan crystals. Absorbance was measured at 570 nm, and the effect of morusin on the viabilities of the LO2, HepG2, and Hep3B cells and HUVECs were expressed as the percentage of cell viability, using the following formula: percentage of cell viability = A~570~ of treated cells/A~570~ of control cells ×100.[@b29-dddt-11-1789] Three independent experiments were performed.

Colony formation inhibition assay
---------------------------------

To test the effect of morusin on the colony formation of HCC cells, 300 HepG2 or Hep3B cells per well were seeded and incubated in 12-well plates overnight. Subsequently, various concentrations of morusin (0.5, 1, and 1.5 μg/mL) were added. After 12--14 days of incubation at 37°C, cells were stained with 0.5% crystal violet in absolute ethanol and the colonies (\>50 cells) were counted under a microscope. Colony-forming efficiency was expressed as follows: colony-forming efficiency = (colony number of drug-treated cells/cell population) ×100.[@b30-dddt-11-1789] Three independent experiments were performed.

Morphological examination of apoptosis
--------------------------------------

4′,6-Diamidino-2-phenylindole (DAPI) (Beyotime Biotech, Shanghai, China) staining was performed to detect the apoptotic morphology--nuclear chromatin condensation.[@b31-dddt-11-1789] HepG2 or Hep3B cells (1×10^5^ cells/well) were seeded in six-well plates, and after overnight incubation cells were treated with different concentrations of morusin (4, 6, and 8 μg/mL) for 48 h. Subsequently, the cells were harvested, fixed in 4% paraformaldehyde, treated with 0.25% Triton X-100 in Tris-buffered saline (TBS) for 15 min at room temperature, and stained with 25 μL DAPI for 30 min at room temperature. Finally, the samples of stained cells were washed with PBS and kept in the dark. They were observed under a fluorescent microscope.

Annexin V--fluorescein isothiocyanate (FITC)/propidium iodide (PI) double staining of apoptotic cells
-----------------------------------------------------------------------------------------------------

Apoptotic cells were measured using an Annexin V--FITC/PI double-staining assay (Beyotime Biotech) according to the manufacturer's protocol. Briefly, 1×10^5^ HCC cells treated with 4, 6, and 8 μg/mL of morusin for 48 h were harvested, washed with PBS, and re-suspended in 200 μL of binding buffer. The samples were then simultaneously incubated with 10 μL of Annexin V--FITC/PI double-staining assay and 5 μL of PI for 15 min at room temperature in the dark. The apoptotic cells were analyzed using flow cytometry and Cell Quest Pro software (BD Biosciences, San Jose, CA, USA). Three independent experiments were performed.

Wound-healing assay
-------------------

HUVECs (3×10^5^ cells/well) were seeded in six-well plates and cultured in DMEM to 90% confluence. Then, the cells were scraped with a sterile tip to create a cell-free zone and washed thrice with PBS. Subsequently, the medium was replaced with DMEM containing morusin at different concentrations (1, 2, and 3 μg/mL). DMEM with 2% FBS was used for controls. The migration of cells was recorded at 0, 24, and 48 h using the Nikon Ti-U inverted microscope at 200× magnification. Cell migration was calculated as follows: migration =0 h wound width -24 or 48 h wound width. The migration index was defined as the percentage of migration considering migration in the untreated control as 100%.[@b32-dddt-11-1789] Data were analyzed using Image-Pro Plus 6.0 software.

HUVEC migration assay
---------------------

The chemotactic motility of HUVECs was determined using a Transwell migration assay (Transwell; Corning Incorporated, Corning, NY, USA) with 6.5 mm-diameter polycarbonate filters (8 μm pore size). First, HUVECs were seeded into 24-well plates and pretreated with different concentrations of morusin (1, 2, and 3 μg/mL) for 48 h. Then, cells were harvested using 0.25% trypsin and re-suspended in DMEM with 2% FBS. Subsequently, 500 μL of DMEM containing 10% FBS was added into the bottom chambers. The top chambers were seeded with pretreated HUVECs (2×10^4^ cells/well) in 200 μL of DMEM with 2% FBS. After 24 h, the non-migrated cells were removed from the top chamber using a cotton swab. The migrated cells on the bottom side of the membrane were fixed in methanol and stained with 0.1% crystal violet. Images were taken using the Nikon Ti-U inverted microscope. The cells that had invaded the lower surface of the filter were then counted in five randomly selected fields at 200× magnification, and the counts were averaged. Presented data are representative of three individual wells.[@b33-dddt-11-1789]

Tube formation assay
--------------------

Matrigel™ (50 μL; BD Discovery Labware, Bedford, MA, USA) was tiled on the bottom of 96-well plates at 37°C for 45 min. HUVECs, which were treated with various concentrations of morusin (1, 2, and 3 μg/mL) for 24 h and re-suspended in DMEM with 10% FBS with or without VEGF (10 ng/mL), were seeded at a density of 2×10^4^ cells/well in 50 μL of medium. After approximately 6--10 h, the tube began to form, and the images were obtained using the Nikon Ti-U inverted fluorescence microscope. Tube formation was defined by counting the number of branch points of the formed tubes,[@b32-dddt-11-1789] and the total tube lengths in five randomly selected microscopic fields per well were quantified using Image-Pro Plus 6.0 software.[@b33-dddt-11-1789]

Animal experiments
------------------

All the procedures were according to the ethical standards of the Institutional Animal Care and Use Committee of Sichuan University and were approved by this committee (Permit Number: 2016039A). Twenty-five-week-old male nude mice (BALB/C-nu/nu) that were obtained from the Animal Centre of Sichuan University were kept in specific pathogen-free conditions and were given sterile food and autoclaved water, with a 12 h light--dark cycle. Mice were acclimated to the environment for 7 days before the experiments. Then, the cultured HepG2 cells (1×10^6^ cells) suspended in 0.1 mL PBS were injected into the right flank of these mice. After 5 days of cell inoculation, tumor-bearing mice were randomized into four groups (control group and three morusin groups, respectively; n=5 each group). Morusin at 5, 10, and 15 mg/kg in dimethylsulfoxide (DMSO) was administered as intraperitoneal injection to mice thrice weekly for 6 weeks (7 days/week). Mice in the control group were injected with the same volume of DMSO (approximately 20--25 μL/mouse). During the experiment, mice were weighed, and the tumor size was measured in two orthogonal directions using calipers, weekly, and the tumor volume (mm^3^) was estimated using a standard formula (length × width[@b2-dddt-11-1789] ×0.5).[@b34-dddt-11-1789] Six weeks later, the mice were sacrificed by carbon dioxide euthanasia with a gradually rising concentration of CO~2~ (100% CO~2~ at a flow rate of 20% of the chamber volume per minute \[CV⋅min^−1^\]). Then, the tumors were resected and weighed. The tumor inhibitory rates were calculated using the following formula: tumor inhibitory rate (%) = (mean tumor weight of the control mice − mean tumor weight of the treated mice)/mean tumor weight of the control mice ×100.

Immunohistochemistry
--------------------

Paraffin-embedded tumor tissues were sliced into 4 μm sections. The sections were processed for the immunohistochemical (IHC) detection of Ki-67 (ab16667; Abcam, Cambridge, UK) or CD34 (ab81289; Abcam). The tumor tissues were incubated overnight at 4°C with anti-Ki67 antibody (1:100 dilution) or anti-CD34 antibody (1:2,500 dilution). Subsequently, the tissues were incubated with a biotinylated donkey anti-goat immunoglobulin secondary antibody (1:800 dilution; Zhongshanjinqiao, Beijing, China). Then, the slides were counterstained with hematoxylin. A goat isotype IgG (1:400 dilution; Zhongshanjinqiao) was designed to be the corresponding native control. The results of immunohistochemistry were obtained with Olympus DP72 and quantified using Image-Pro Plus 6.0 analysis software. Ten different regions for each section were chosen within random fields. The Ki-67 proliferation index was considered as the ratio of positively stained cells to the total cell count expressed as a percentage at 200× magnification. The microvessel density (MVD) was determined as previously described.[@b35-dddt-11-1789] The areas of highest neovascularization were identified and examined under 100× magnification, and one field in each of ten vascularized areas was counted at a magnification of 200×. The average of the ten areas was recorded as the MVD level of the slide. Any brown-stained EC cluster distinct from adjacent microvessels, tumor cells, or other stromal cells was considered as a single countable microvessel.[@b35-dddt-11-1789],[@b36-dddt-11-1789]

Western blot analysis
---------------------

The total protein from both morusin-treated HCC cells and tumor tissues was prepared as previously described.[@b23-dddt-11-1789] Equal amounts of protein from each sample were subjected to 12% SDS polyacrylamide gel electrophoresis (SDS-PAGE) followed by transfer to polyvinylidene fluoride (PVDF) membranes. The membranes were blocked in 5% non-fat milk at room temperature for 1 h and then incubated with the primary antibody overnight at 4°C. Primary antibodies were rabbit anti-STAT3, rabbit anti-p-STAT3 (Tyr705), rabbit anti-p-STAT3 (Ser727), rabbit anti-IL-6, rabbit anti-Bcl-2, rabbit anti-Bax, rabbit anti-active caspase-3, rabbit anti-MMP2, rabbit anti-MMP9, rabbit anti-VEGF and rabbit anti-VEGFR2, and rabbit anti-β-actin (Beijing Biosynthesis Biotechnology Co., Ltd., Beijing, China). Subsequently, the membranes were incubated with peroxidase-conjugated goat anti-rabbit IgG (H + L) secondary antibody (Zhongshan Goldenbridge Biotechnology Co., Ltd, Beijing, China) at 1:6,000 dilution. Immune complexes were detected by Chemiluminescent HRP Substrate (EMD Millipore, Billerica, MA, USA) and a Western blot analysis system (Universal Hood II; Bio-Rad Laboratories Inc., Hercules, CA, USA).

Statistical analysis
--------------------

Data are expressed as mean ± standard deviation (SD). All data were analyzed using one-way analysis of variance (ANOVA), followed by Dunnett's test for pairwise comparison. All data were analyzed using SPSS version 22.0 (IBM Corporation, Armonk, NY, USA). A *P*-value of \<0.05 was considered as an indication for statistical significance.

Results
=======

Morusin inhibited the proliferation of human HCC cells and HUVECs
-----------------------------------------------------------------

The cytotoxic effects of morusin on human normal liver cells (LO2), human HCC cells (HepG2 and Hep3B), and HUVECs are shown in [Figure 1A--D](#f1-dddt-11-1789){ref-type="fig"}. Morusin treatment exhibited significant inhibition in HCC cells and HUVECs in a time- and dose-dependent manner. After 72 h of exposure to morusin, the IC~50~ values were 12.458, 4.906, 4.196, and 4.595 μg/mL for LO2, HepG2, Hep3B cells, and HUVECs, respectively. The maximal inhibitory efficiency of the growth of human HCC cells (\>80%) was approximately 8 μg/mL. The results demonstrated that morusin inhibited the proliferation of human HCC cells selectively in vitro. In addition, after 48 h of exposure to morusin, the IC~20~ value of HUVECs was 3.441 μg/mL, and no significant toxicity occurred until 4 μg/mL ([Figure 1D](#f1-dddt-11-1789){ref-type="fig"}). Considering the possible toxicity of morusin to HUVECs, which would affect the reliability of subsequent angiogenesis assays, we finally selected nontoxic concentrations of morusin (1, 2, and 3 μg/mL).

Morusin inhibited colony formation of human HCC cells
-----------------------------------------------------

After treatment with morusin (0.5, 1, and 1.5 μg/mL), the colony number of morusin-treated HCC cells decreased significantly in a dose-dependent manner. As shown in [Figure 1E](#f1-dddt-11-1789){ref-type="fig"}, the colony formation rates of HepG2 cells were 63.78%±11.53%, 50.56%±7.43% (*P*=0.552), 38.78%±6.93% (*P*=0.115), and 15.22%±4.76% (*P*=0.034). Similarly, the colony formation rates of Hep3B cells were 65.17%±3.69%, 63.33%±3.01% (*P*=0.973), 52.83%±3.40% (*P*=0.055), and 19.67%±4.54% (*P*\<0.01).

Morusin induced apoptosis in human HCC cells
--------------------------------------------

To determine the influence of apoptosis induction by morusin, morphological changes of human HCC cells were assessed by DAPI staining and Annexin V--FITC/PI double-staining assays. As shown in [Figure 2A and B](#f2-dddt-11-1789){ref-type="fig"}, typical apoptotic features, including nuclear condensation, nuclear fragmentation and the formation of apoptotic bodies, were observed in morusin-treated HepG2 and Hep3B cells. After treatment with 4, 6, and 8 μg/mL of morusin for 48 h, the apoptotic cells among treated HepG2 and Hep3B cells increased significantly in a dose-dependent manner ([Figure 2C](#f2-dddt-11-1789){ref-type="fig"}, *P*\<0.01). In flow cytometry analysis, the apoptotic cells among morusin-treated HepG2 and Hep3B cells increased significantly in a dose-dependent manner ([Figure 2D--F](#f2-dddt-11-1789){ref-type="fig"}). These findings indicate that morusin induces apoptosis of HepG2 and Hep3B cells.

Morusin inhibited HUVEC migration
---------------------------------

EC migration is an essential step in angiogenesis, and we assessed the effect of morusin on the motility of HUVECs using wound-healing assay and Transwell assay. In the wound-healing assay, morusin significantly inhibited HUVEC migration in a dose--time-dependent manner ([Figure 3A and C](#f3-dddt-11-1789){ref-type="fig"}). In addition, in the Transwell assay, morusin exhibited potency with regard to the suppression of invasion of HUVECs ([Figure 3B and D](#f3-dddt-11-1789){ref-type="fig"}).

Morusin inhibited tube formation of HUVECs
------------------------------------------

We next detected whether morusin has a potential inhibitory effect on tube formation. As shown in [Figure 3E and F](#f3-dddt-11-1789){ref-type="fig"}, morusin significantly inhibited tube formation among HUVECs in a dose-dependent manner (*P*\<0.01), while VEGF could increase tube formation (*P*=0.03) when used alone and could partly reverse the inhibitory effect of morusin.

Morusin inhibited tumor growth and angiogenesis in a subcutaneous HepG2 xenograft model
---------------------------------------------------------------------------------------

To demonstrate the tumor growth inhibition of morusin in vivo, we established a nude mouse xenograft model through subcutaneous inoculation of HepG2 cells. Morusin at 5, 10, and 15 mg/kg was administered for 6 weeks. After 6 weeks, all mice were sacrificed and then the tumor masses from tumor-bearing mice were assessed ([Figure 4C](#f4-dddt-11-1789){ref-type="fig"}). As shown in [Figure 4B and D](#f4-dddt-11-1789){ref-type="fig"}, tumor volume and weight decreased in a dose-dependent manner after treatment with morusin. Tumor inhibitory rates were 34.29% (*P*=0.06), 35.11% (*P*=0.09), and 61.4% (*P*=0.038), respectively. More importantly, no obvious evidence of toxicity was observed in treated tumor-bearing mice by assessing the body weight of mice ([Figure 4A](#f4-dddt-11-1789){ref-type="fig"}).

Moreover, the expression levels of Ki-67 and CD34 in tumor tissues were analyzed through immunohistochemistry, and representative images are shown in [Figure 4E](#f4-dddt-11-1789){ref-type="fig"}. As expected, the number of Ki-67-labeled cells was lower in the high-dose morusin-treated group (15 mg/kg) than in the control group (*P*\<0.01), and the Ki-67 labeling index values were 30.79%±7.38% and 70.46%±6.89%, respectively. Meanwhile, MVD, detected using anti-CD34, was also significantly lower in the high-dose group than in the control group ([Figure 4F](#f4-dddt-11-1789){ref-type="fig"}, *P*\<0.01). These results indicate that morusin significantly inhibits tumor growth and angiogenesis in vivo.

Morusin affected apoptotic and angiogenic protein expressions in vitro and in vivo
----------------------------------------------------------------------------------

To explore the potential molecular mechanisms underlying the growth inhibition effect of morusin, we first detected the expression levels of associative proteins in HepG2 and Hep3B cells, as well as corresponding tumor tissues after treatment with morusin. The results showed that morusin treatment resulted in the downregulation of Bcl-2 and VEGF and the upregulation of Bax and active caspase-3 ([Figure 5A--E and G](#f5-dddt-11-1789){ref-type="fig"}). Next, we analyzed the expression levels of associative proteins in HUVECs after treatment with morusin and found that the expression levels of MMP2, MMP9, and VEGFR2 in HUVECs were also downregulated in a dose-dependent manner following treatment with morusin ([Figure 5F and G](#f5-dddt-11-1789){ref-type="fig"}). Overall, these results indicate that morusin induces apoptotic death of human HCC cells in vitro and in vivo through mitochondria-based signal transduction in both HepG2 and Hep3B cells, and inhibited the migration and invasion of HUVECs and angiogenesis associated with the downregulation of VEGF, MMP2, MMP9, and VEGFR2.

Morusin regulated inflammatory signaling pathways by suppressing constitutive and IL-6-induced STAT3 phosphorylation
--------------------------------------------------------------------------------------------------------------------

To examine whether the antitumor activity of morusin might be involved in the inhibition of the IL-6/STAT3 signaling pathway, we evaluated the effects of morusin on the expression of constitutive p-STAT3 (Tyr705) and p-STAT3 (Ser727) activation and IL-6-induced STAT3 phosphorylation in human HCC cells. As shown in [Figure 6A--C](#f6-dddt-11-1789){ref-type="fig"}, after treatment with indicated concentrations of morusin for 48 h, the levels of constitutive STAT3 phosphorylation were inhibited significantly.

Further, we also demonstrated that morusin could inhibit IL-6-induced STAT3 phosphorylation in HepG2 and Hep3B cells. As shown in [Figure 6D--F](#f6-dddt-11-1789){ref-type="fig"}, 25 ng/mL of IL-6 significantly activated STAT3 phosphorylation in HepG2 and Hep3B cells, and morusin significantly inhibited IL-6-induced STAT3 phosphorylation in HepG2 cells, while the inhibitory effect was weaker in Hep3B cells.

To confirm whether the antitumor efficiency of morusin on xenograft tumor growth was also mediated by blocking the IL-6/STAT3 signaling pathway, we investigated the expression levels of IL-6, total STAT3, and phosphorylated STAT3 in morusin-treated tumor tissues through Western blotting. The results showed that the expression levels of IL-6 and phosphorylated STAT3 decreased, especially in the groups treated with 10 and 15 mg/kg of morusin, while almost none was observed on the expression level of total STAT3 ([Figure 6G and H](#f6-dddt-11-1789){ref-type="fig"}). These results suggested that morusin exerted antitumor efficiency in HCC associated with the blockage of the IL-6/STAT3 signaling pathway and might be a promising antitumor agent for cancer therapy and/or prevention of HCC.

Discussion
==========

HCC is one of the most aggressive cancers and the second leading cause of cancer-related death worldwide. Less than 20% of HCC patients are amenable to surgical resection or liver transplantation owing to the discovery or diagnosis of HCC at advanced stages. Even worse, therapeutic strategies including chemotherapy and radiation have limited impact on the survival of HCC patients because of their limitations with regard to efficacy and side effects.[@b1-dddt-11-1789],[@b3-dddt-11-1789],[@b4-dddt-11-1789] Therefore, the current study focused on identifying more effective therapeutic options for HCC.

Morusin is an important component of the traditional Chinese medicine *Morus alba* L. Currently, many studies, including our previous study, have focused on its anticancer activities against several kinds of cancer cells.[@b19-dddt-11-1789]--[@b28-dddt-11-1789] For HCC, morusin suppressed the invasion of human HCC cells (SK-Hep1) in vitro, decreased their lung colonization in vivo,[@b25-dddt-11-1789] and inhibited human HCC cell (Bel-7402) growth in vitro via apoptosis induction.[@b26-dddt-11-1789] In addition, it exhibited an anticancer effect on murine liver cancer (H22).[@b27-dddt-11-1789] However, little attention has been paid to its growth inhibition in vivo, and its potential antiangiogenic activity remains unclear.

In the current study, we demonstrated that morusin can inhibit the growth of human HCC cells in vitro and in vivo. The results of the MTT and colony formation assays indicate selective cytotoxicity of morusin in different human HCC cells and less toxicity in normal liver cells (LO2; [Figure 1](#f1-dddt-11-1789){ref-type="fig"}). Similarly, in HepG2 mice, morusin exhibited an obviously inhibitory effect on tumor growth. Ki-67 is an important indicator that reflects the proliferative situation of cells. In this study, we observed that Ki-67-labeled cells in HepG2 xenograft tumor tissues were significantly decreased in the morusin-treated groups ([Figure 4](#f4-dddt-11-1789){ref-type="fig"}). Apoptosis induction is one of the most effective strategies to inhibit tumor cell growth. Previous studies demonstrated that flavonoids have an apoptosis induction potency on HCC cells.[@b37-dddt-11-1789]--[@b39-dddt-11-1789] The increase in DAPI staining and Annexin V--FITC/PI double staining of apoptotic cells are two important hallmarks of apoptosis. As shown in [Figure 2](#f2-dddt-11-1789){ref-type="fig"}, there was a significant increase in DAPI-stained and Annexin V--FITC/PI double-stained apoptotic cells after morusin treatment, which indicated that morusin induced the apoptotic death of human HCC cells. However, the differences in early apoptotic cell proportions ([Figure 2](#f2-dddt-11-1789){ref-type="fig"}) and apoptotic protein expressions ([Figure 5](#f5-dddt-11-1789){ref-type="fig"}) between HepG2 and Hep3B cells were obvious. This may have been caused by the difference of the p53 state in the two cell lines. HepG2 expresses the wild-type *p53* gene, whereas Hep3B is p53 deficient. *p53* plays a key role in apoptosis through regulating a series of apoptosis-associated proteins, including PUMA and the Bcl-2 family of proteins.[@b40-dddt-11-1789] Under the condition of *p53* deficiency, the cells could be influenced by other factors, such as p73 and p63, which are highly homologous to p53, for repairing injured cells or inducing apoptosis.[@b41-dddt-11-1789],[@b42-dddt-11-1789] In addition, some other protein kinases, such as MEK/ ERK, JNK, and PKC, are also able to induce apoptosis via mitochondrial-associated pathways in the absence of *p53*.[@b43-dddt-11-1789],[@b44-dddt-11-1789] Bcl-2 family proteins, including pro-apoptotic members such as Bax and Bak, combined with antiapoptotic members such as Bcl-2 and Bcl-xL, are important regulators in the process of mitochondrial-mediated apoptosis. In addition, caspase-3, a downstream effector of apoptosis pathways, is activated to regulate the caspase-signaling cascade, and this eventually leads to apoptosis.[@b40-dddt-11-1789] In the current study, morusin upregulated the expression of active caspase-3 and the Bax/ Bcl-2 ratio in both HepG2 and Hep3B cells, which indicated that p53-independent mitochondrial-mediated mechanisms of apoptosis in Hep3B cells may have caused the different apoptosis phenotypes between Hep3B and HepG2 cells. However, further research should be performed to assess these possibilities.

Abnormal angiogenesis, especially in solid tumors, plays an important role in tumor growth and metastasis.[@b45-dddt-11-1789],[@b46-dddt-11-1789] For the regulation of angiogenesis, VEGF is a key regulator of vascular permeability and promotes EC proliferation and migration.[@b7-dddt-11-1789],[@b47-dddt-11-1789],[@b48-dddt-11-1789] A number of Chinese herbal components have demonstrated anti-angiogenesis effects on targeting the VEGF-induced angiogenesis. For instance, resveratrol, a compound of *Pediomelum cuspidatum*, might decrease VEGF expression in HepG2 cells,[@b49-dddt-11-1789] and pedicularioside G, a phenylpropanoid glycoside isolated from *Pedicularis striata*, has been shown to inhibit the proliferation and migration of HUVECs.[@b50-dddt-11-1789] In the current study, we found that morusin downregulated the expressions of VEGF in human HCC cells. In addition, VEGF specifically reacted with receptor tyrosine kinases (VEGFR1, R2, and R3),[@b51-dddt-11-1789] especially VEGFR2, which is a major transducer of VEGF signals in ECs.[@b52-dddt-11-1789] The expression level of VEGFR2 decreased in HUVECs after morusin treatment, which indicated that morusin exerted antiangiogenesis, and this might be involved in targeting the VEGF/VEGFR2 signaling pathway. In addition, MMPs are zinc-dependent proteolytic enzymes and play crucial roles in the degradation of the extracellular matrix for the migration of ECs.[@b53-dddt-11-1789],[@b54-dddt-11-1789] Owing to the inhibitory effect of morusin on the migration of HUVECs, we investigated the expressions of MMP2 and MMP9. The results of Western blot analysis ([Figure 5F](#f5-dddt-11-1789){ref-type="fig"}) showed that morusin significantly decreased the expression levels of MMP2 and MMP9 in HUVECs. Moreover, the antiangiogenic effect of morusin in vivo has been confirmed. CD34 is believed to be a sensitive and specific marker for microvessels in HCC. The expression level of CD34 was downregulated in tumor tissues after morusin treatment, which indicated a decrease in MVD in morusin-treated tumor tissues ([Figure 4E and F](#f4-dddt-11-1789){ref-type="fig"}). Overall, these results suggest that morusin may have potential antiangiogenic activity in vitro and in vivo.

STAT3 has been found to be constitutively activated in a number of human cancer cell lines and primary tumors. It has been taken for granted that IL-6 was linked to constitutive or aberrant activation of STAT3 in various cancers, including HCC.[@b55-dddt-11-1789],[@b56-dddt-11-1789] STAT3 phosphorylation could regulate several genes encoding anti-apoptotic proteins such as Bcl-2 and Bcl-xL, and pro-apoptotic proteins, such as Bax and Bad.[@b57-dddt-11-1789] Moreover, the previous studies indicated that activated STAT3 is also involved in tumor angiogenesis through the regulation of angiogenesis factors (eg, VEGF and MMP9)[@b58-dddt-11-1789],[@b59-dddt-11-1789] and promotion of signal transduction of angiogenic factor receptors in ECs.[@b9-dddt-11-1789] Therefore, the IL-6/STAT3 signaling pathway has been recognized as a pleiotropic drug target. In the current study, morusin effectively induced the apoptosis of human HCC cells and inhibited angiogenesis, which may be related to the inhibition of the expression of IL-6 and phosphorylated STAT3. In addition, according to some reports, wild-type p53 protein could repress several genes including *Il-6* and *Stat3*, while mutation of p53 resulted in the attenuation of this function.[@b60-dddt-11-1789],[@b61-dddt-11-1789] This suggests that the different results of p-STAT3 levels between the two HCC cells after morusin and IL-6 treatment may be caused by their *p53* state. However, further research should be performed to assess this possibility.

Conclusion
==========

Our findings indicate that morusin has the potential to inhibit the growth of human HCC cells in vitro and in vivo through apoptosis induction and angiogenesis inhibition. The mechanism might be involved in the suppression of the IL-6/STAT3 signaling pathway. Therefore, morusin might serve as a novel candidate for the treatment and/or prevention of human HCC cells, and it should be investigated further.
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![Morusin inhibited the proliferation of human HCC cells and HUVECs and the colony formation of HCC cells in vitro.\
**Notes:** (**A**) Human normal liver cells (LO2). (**B**) Human HCC cells (HepG2). (**C**) Human HCC cells (Hep3B). (**D**) HUVECs. (**E**) Morusin inhibited HepG2 and Hep3B cell colony formation. \**P*\<0.05, \*\**P*\<0.01. Three independent experiments were performed.\
**Abbreviations:** HCC, hepatocellular carcinoma; HUVECs, human umbilical vein endothelial cells.](dddt-11-1789Fig1){#f1-dddt-11-1789}

![The apoptosis induction effect of morusin on human HCC cells.\
**Notes:** The effect of morusin on morphological changes in HepG2 cells (**A**) and Hep3B cells (**B**). Typical apoptotic cells are shown with white arrows. (**C**) The histogram shows that there was a significant increase in DAPI-stained apoptotic cells in morusin-treated HepG2 and Hep3B cells. Apoptosis induction in HepG2 cells (**D**) and Hep3B cells (**E**) was also measured with the Annexin V--FITC/PI double-staining assay after treatment with morusin (4, 6, and 8 μg/mL) for 48 h. (**F**) The histograms show the apoptotic proportion of HepG2 and Hep3B cells treated with morusin compared with the control. \**P*\<0.05, \*\**P*\<0.01. Three independent experiments were performed.\
**Abbreviations:** DAPI, 4′,6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate; HCC, hepatocellular carcinoma; PI, propidium iodide.](dddt-11-1789Fig2){#f2-dddt-11-1789}

![The migration and tube formation inhibition effects of morusin on HUVECs.\
**Notes:** (**A**, **C**) Inhibition of HUVEC migration in the wound-healing assay. The photographs were obtained at a magnification of 100×. (**B**, **D**) Inhibition of HUVEC migration in the Transwell assay. The penetrated cells were stained and quantified. The photographs were obtained at a magnification of 200×. (**E**) Reduction in endothelial tube formation after pretreatment with morusin for 24 h following with incubation in 96-well plates with or without VEGF (10 ng/mL). Tube formation of HUVECs was assessed 6--10 h later. The photographs were obtained at a magnification of 200. (**F**) The histograms represent the dose effect of morusin in branch points and tube length inhibition. \**P*\<0.05 vs control, \*\**P*\<0.01 vs control. ^\#\#^*P*\<0.01 vs VEGF-only group. Representative images were taken from three independent experiments.\
**Abbreviation:** HUVECs, human umbilical vein endothelial cells.](dddt-11-1789Fig3){#f3-dddt-11-1789}

![The growth inhibition effect of morusin in human HCC cells xenograft model.\
**Notes:** (**A**) Body weight of tumor-bearing mice in each group was determined weekly after morusin treatment. (**B**) Tumor volume in each group was determined weekly after morusin treatment. (**C**) Tumor masses of each group. (**D**) Tumor weights of each group. (**E**) Ki-67 and CD34 IHC staining of tumor tissues derived from the control group and the high-dose group (15 mg/kg) at a magnification of 200× (n=4). (**F**) The graphs showed Ki-67 index and MVD of tumors. \**P*\<0.05, \*\**P*\<0.01.\
**Abbreviations:** HCC, hepatocellular carcinoma; IHC, immunohistochemical; MVD, microvessel density.](dddt-11-1789Fig4){#f4-dddt-11-1789}

![Apoptotic protein and angiogenic protein expressions in morusin-treated human HCC cells and tumor tissues.\
**Notes:** Western blot analysis of apoptotic protein expression in morusin-treated HepG2 cells (**A**), Hep3B cells (**B**), and tumor tissue (**C**). (**D**) The histograms show that there was a significant increase in Bax and active caspase-3 and a decrease in Bcl-2 expression in a dose-dependent manner after morusin treatment. (**E**) Western blot analysis of VEGF expression in HepG2 and Hep3B cells. (**F**) Western blot analysis of MMP2, MMP, and VEGFR2 expressions in HUVECs. (**G**) The histograms show that there was a significant decrease in VEGF, MMP2, MMP9, and VEGFR2 expressions in a dose-dependent manner after morusin treatment. \**P*\<0.05, \*\**P*\<0.01. Three parallel experiments were performed.\
**Abbreviations:** HCC, hepatocellular carcinoma; HUVECs, human umbilical vein endothelial cells.](dddt-11-1789Fig5){#f5-dddt-11-1789}

###### 

The effect of morusin on protein expressions of the IL-6/STAT3 signaling pathway.

**Notes:** HepG2 cells (**A**) or Hep3B cells (**B**) were treated with the indicated concentrations of morusin for 48 h and analyzed for p-STAT3 (Tyr705), p-STAT3 (Ser727), and STAT3 levels using Western blot analysis. (**C**) The histograms show that there was a significant decrease in p-STAT3 (Tyr705) and p-STAT3 (Ser727) but not in the total STAT3 expression after morusin treatment. (**D**, **E**) HCC cells were treated with the indicated concentrations of morusin for 24 h and were then induced by IL-6 for 15 min, after which whole-cell extracts were processed for Western blot analysis. (**F**) The histograms show that there was a decrease in p-STAT3 (Tyr705) and p-STAT3 (Ser727) but not in the total STAT3 expression after morusin treatment. (**G**) Western blot analysis of protein expressions in the IL-6/STAT3 signaling pathway in morusin-treated tumor tissues. (**H**) The histogram shows that expression levels of IL-6, p-STAT3 (Tyr705), and p-STAT3 (Ser727) decreased. \**P*\<0.05, \*\**P*\<0.01. Three parallel experiments were performed.

**Abbreviation:** HCC, hepatocellular carcinoma.
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